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Abstract. On 17 July 2005, an earthward bound north-south
oriented magnetic cloud and its sheath were observed by the
ACE, SoHO, and Wind solar wind monitors. A steplike in-
crease of the solar wind dynamic pressure during northward
interplanetary magnetic ﬁeld conditions was related to the
leading edge of the sheath. A timing analysis between the
three spacecraft revealed that this front was not aligned with
the GSE y-axis, but had a normal (−0.58,0.82,0). Hence, the
ﬁrst contact with the magnetosphere occurred on the dawn-
side rather than at the subsolar point. Fortunately, Cluster,
Double Star 1, and Geotail happened to be distributed close
to the magnetopause in this region, which made it possible to
closely monitor the motion of the magnetopause. After the
pressure front had impacted the magnetosphere, the magne-
topause was perceived ﬁrst to move inward and then imme-
diately to correct the overshoot by slightly expanding again
such that it ended up between the Cluster constellation with
Double Star 1 inside the magnetosphere and Geotail in the
magnetosheath. Coinciding with the inward and subsequent
outward motion, the ground-based magnetic ﬁeld at low lat-
itudes was observed to ﬁrst strengthen and then weaken.
As the magnetopause position stabilised, so did the ground-
based magnetic ﬁeld intensity, settling at a level slightly
higher than before the pressure increase. Altogether the mag-
netopause was moving for about 15min after its ﬁrst contact
with the front. The high latitude ionospheric signature con-
sisted of two parts: a shorter (few minutes) and less intense
preliminary part comprised a decrease of AL and a negative
variation of PC. A longer (about ten minutes) and more in-
tense main part of the signature comprised an increase of
AU and a positive variation of PC. Measurements from sev-
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eralground-basedmagnetometernetworks(210MMCPMN,
CANMOS, CARISMA, GIMA, IMAGE, MACCS, Super-
MAG, THEMIS, TGO) were used to obtain information on
the ionospheric E×B drift. Before the pressure increase, a
conﬁguration typical for the prevailing northward IMF con-
ditions was observed at high latitudes. The preliminary sig-
nature coincided with a pair of reverse convection vortices,
whereas during the main signature, mainly westward convec-
tion was observed at all local time sectors. Afterwards, the
conﬁguration preceding the pressure increase was recovered,
but with slightly enhanced convection. Based on the timing
analysis, the existence of the preliminary signature coincided
with the passage of the oblique pressure front, whereas dur-
ing the main signature the front was already well past Earth.
Themainsignatureexistedduringthetimethemagnetopause
was observed to move. As the position stabilised, also the
signature disappeared.
Keywords. Interplanetary physics (Interplanetary shocks) –
Magnetospheric physics (Magnetosphere-ionosphere inter-
actions; Solar wind-magnetosphere interactions)
1 Introduction
The interplanetary counterpart of a coronal mass ejection
(CME) consists of two distinct regions: the sheath and the
ejecta. The sheath is deﬁned as the region ahead of the
ejecta, where proton temperature and density are enhanced,
and the directional changes of the interplanetary magnetic
ﬁeld (IMF) are irregular. When the speed difference between
the ejecta and the ambient solar wind exceeds that of the lo-
cal magnetosonic speed, at which information is transferred
in the plasma, a shock wave is formed upstream of the ejecta.
In this case, the sheath refers to the region between the shock
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and the ejecta. A subset of ejecta, called magnetic clouds,
are identiﬁed by a smooth rotation of the large-scale mag-
netic ﬁeld from northward to southward or from southward
to northward, enhanced magnetic ﬁeld magnitude, and de-
crease of plasma temperature (Burlaga et al., 1981; Klein and
Burlaga, 1982). Both sheath and ejecta can be geoeffective
(Pulkkinen et al., 2007). The Earth encounters sheaths more
frequently than ejecta, as they extend farther.
On 17 July 2005, a magnetic cloud and its sheath were
observed heading towards Earth. A steep increase of the so-
lar wind dynamic pressure was observed at the leading edge
of the sheath. In this study, we analyse the response of the
magnetosphere-ionosphere system on the arrival of this pres-
sure front. The fortunate positioning of several magneto-
spheric satellites allowed the close monitoring of the mag-
netopause position, while ground-based magnetic ﬁeld and
radar measurements yielded information on processes occur-
ring inside the magnetosphere.
The main source of ground-based magnetic ﬁeld distur-
bances at high latitudes are the ionospheric currents. Be-
cause the horizontal ionospheric currents are concentrated
in a relatively thin layer between about 90–130km altitude
(e.g., Kamide and Brekke, 1977), they are often modelled
as a spherical surface current density J(θ,φ) ([J]=A/m) at
a constant altitude of about 100km. Here, θ and φ are the
colatitude and longitude. Like any vector ﬁeld, J can be di-
vided into divergence-free (df) and curl-free (cf) components
J(θ,φ) = Jcf(θ,φ)+Jdf(θ,φ) (1)
∇·Jdf = 0 (2)
(∇×Jcf)r = 0, (3)
where the subscript “r” refers to the radial component. The
ﬁeld-aligned current density (jr) is related to the divergence
of the horizontal current density jr(θ,φ) = −∇ · J(θ,φ)
([j]=A/m2), and hence, closed by its curl-free component.
According to Fukushima (1976), the combined magnetic
ﬁeld of the curl-free component and (radial) ﬁeld-aligned
currents is conﬁned to the region above the horizontal current
layer. Thus, Jdf causes the same magnetic ﬁeld below the
ionosphere as the original 3-D distribution, consisting of Jdf,
Jcf, and jr, and is therefore also called the equivalent cur-
rent density. For uniform conductances, the divergence-free
and curl-free components would equal the Hall and Pedersen
components, respectively. Assuming that there is no signif-
icant potential drop along the magnetic ﬁeld lines, the Hall
currents, which ﬂow anti-parallel to the ionospheric E×B
drift, can be mapped to the magnetospheric convection. The
eastward and westward electrojets in the dusk and dawn sec-
tors of the auroral oval, and the Harang discontinuity on the
nightside, are the predominant features of this current com-
ponent in the ionosphere. Thus, ground-based magnetic ﬁeld
measurements can give information on the magnetospheric
convection.
The dynamic pressure regulates the size of the magneto-
sphere such that an increase of the pressure compresses the
magnetopause. The compression is known to manifest it-
self as an enhancement of the ground-based magnetic ﬁeld.
Moreover, a sudden change of the solar wind dynamic pres-
sure is believed to produce antisunward travelling convection
vortices at high latitudes (e.g., Amm et al., 2002).
At least two theories have been proposed to explain the
vortices: according to Kivelson and Southwood (1991), a so-
lar wind pressure front establishes vortical ﬂows on magne-
topause ﬂux tubes. The ﬂows set up Alfvén waves that carry
ﬁeld-aligned current to the ionosphere, producing also in the
ionosphere a pair of convection vortices of opposite polari-
sation. According to Glassmeier (1992), on the other hand,
compression of the magnetopause leads to a modiﬁcation of
the magnetopause current, part of which is diverted to the
ionosphere.
Iyemori and Araki (1982) found that the equivalent cur-
rent conﬁguration related to a sudden change in solar wind
dynamic pressure during northward interplanetary magnetic
ﬁeld conditions is a single vortex encircling the cusp re-
gion. In the Northern Hemisphere, for a dynamic pressure
increase, the equivalent current of the vortex was directed
eastward. The related Auroral Electrojet index (AE, Davis
and Sugiura, 1966) disturbance thus consisted of an increase
in AU with small or no variation in AL.
Stauning and Troshichev (2008) examined the inﬂuence of
the solar wind dynamic pressure on the Polar Cap index (PC,
Troshichev et al., 1988) in cases of global sudden impulses
or storm sudden commencements. The PC index is derived
from polar magnetic variations (PCN index in the Northern
Hemisphere and PCS index in the Southern Hemisphere) and
is primarily a measure of the intensity of the transpolar iono-
spheric currents. The events typically caused a bipolar per-
turbation in the PC index. The ﬁrst-negative-then-positive
perturbation had an amplitude of about 0.5 in PC index and
total duration of 10–30min. Using magnetic recordings from
a network of observatories in the polar cap, Stauning and
Troshichev (2008) inferred that the negative perturbation was
related to the occurrence of a pair of transient dayside re-
verse (sunward in the central polar cap) convection vortices
at cusp latitudes, caused by the divergence of magnetopause
currents to the ionosphere. The more extended positive per-
turbation, on the other hand, was related to the formation
of a pair of forward (antisunward in the central polar cap)
convection vortices in the dayside oval, caused by enhanced
Region 1 (R1) ﬁeld-aligned currents. However, they did not
separate their events according to northward or southward
IMF orientation.
We begin by shortly describing the utilised instruments
(Sect. 2). Section 3 presents the solar wind observations
and an overview of the geomagnetic activity related to dif-
ferent parts of the sheath and cloud. Magnetospheric obser-
vations are described in Sect. 4, and ionospheric observations
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in Sect. 5. The ﬁnal Sect. 6 contains discussion and conclu-
sions.
2 Instruments
In this study we have combined measurements from sev-
eral instruments observing the solar wind, the magneto-
sphere, and the ionosphere. Solar wind data are from the
Advanced Composition Explorer (ACE), Solar and Helio-
spheric Observatory (SoHO), and Wind monitors, and mag-
netospheric observations from the Cluster, Double Star 1,
and Geotail spacecraft. Several ground-based magnetome-
ter arrays provided ionospheric data: 210◦ Magnetic Merid-
ian Circum-pan Paciﬁc Magnetometer Network (210 MM
CPMN, Yumoto and the CPMN Group, 2001) at 1s resolu-
tion, CANadian Magnetic Observatory System (CANMOS,
http://gsc.nrcan.gc.ca/geomag/obs/obsmap_e.php) at 5s res-
olution, Canadian Array for Realtime Investigations of Mag-
netic Activity (CARISMA, Mann et al., 2008) at 1s reso-
lution, Geophysical Institute Magnetometer Array (GIMA,
http://magnet.asf.alaska.edu/) at 1s resolution, International
Monitor for Auroral Geomagnetic Effects (IMAGE, http:
//www.space.fmi.ﬁ/image/) at 10s resolution, Magnetome-
ter Array for Cusp and Cleft Studies (MACCS, Hughes
and Engebretson, 1997) at 5s resolution, SuperMAG (http:
//supermag.jhuapl.edu/index.html) at 1min resolution, His-
tory of Events and Macroscale Interactions During Sub-
storms (THEMIS, http://themis.ssl.berkeley.edu/) at 0.5s
resolution, and Tromsø Geophysical Observatory (TGO,
http://geo.phys.uit.no/) at 10s resolution. Super Dual Auro-
ral Radar Network (SuperDARN, Chisham et al., 2007) ob-
servations have also been included. Moreover, several mag-
netic indices have been utilised: the AE and PCN indices
at 1min resolution and the Dst index (Sugiura, 1964) at 1h
resolution.
From the SoHO spacecraft we have utilised the results of
the Shockspotter program (http://umtof.umd.edu/pm/FIGS.
HTML), which attempts to identify possible interplanetary
shocks using data from the Charge, Element, and Isotope
Analysis System (CELIAS) Mass Time-Of-Flight (MTOF)
Proton Monitor (PM) sensor (Hovestadt et al., 1995). From
the ACE spacecraft we have used 16s Level 2 data from the
Magnetic Field Instrument (MAG, Smith et al., 1998) and
64s Level 2 data from the Solar Wind Electron Proton Al-
pha Monitor (SWEPAM, McComas et al., 1998), and from
the Wind spacecraft, 3s (spin average) resolution data from
the Magnetic Field Instrument (MFI, Lepping et al., 1995)
and 3s resolutionion momentsfrom the3DP instrument(Lin
et al., 1995).
From the Cluster spacecraft, we have used both 4s (spin
average) and 0.04s resolution data from the Fluxgate mag-
netometer (FGM, Balogh et al., 2001) and 4s resolution data
from Cluster Ion Spectrometry (CIS, Rème et al., 2001) Hot
Ion Analyser (HIA) instrument. The high resolution mag-
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Fig. 1. Projections of the locations of the ACE ((230,−36,23)RE),
Wind ((264,−5,21)RE) and SoHO ((210,95,6)RE) spacecraft to
the xy-plane on 17 July 2005 at 00:53:00UT. The leading edge
of the sheath was observed by ACE at 00:51:25UT, by Wind at
00:52:45UT, and by SoHO at 01:23UT. The direction and location
of the leading edge, based on the timing analysis of these data, is il-
lustrated by the red line. The black curve indicates the approximate
magnetopause location.
netic ﬁeld data have been utilised in minimum variance anal-
ysis (MVA), while the spin resolution data have been used
for plotting. From Double Star 1, we have used 4s (spin
average) resolution data from FGM and 1min summary pa-
rameters from HIA. From the Geotail spacecraft, we have
utilised both 1/16s resolution and 3s resolution data from
the Magnetic Field experiment (MGF, Kokubun et al., 1994),
and 12s resolution ion moments from the Low Energy Parti-
cle experiment (LEP, Mukai et al., 1994).
To present spacecraft data, we have used Cartesian (x,y,z)
Geocentric Solar Ecliptic (GSE) or Geocentric Solar Mag-
netospheric (GSM) coordinates, and to present ground-based
data, spherical (r,θ,φ) Geographic (GEO) or Solar Magnetic
(SM) coordinates.
3 Solar wind observations
On 14 July 2005 at 11:20UT, an x-ray ﬂare accompanied
by an asymmetric full halo CME was observed to occur
on the Sun by SoHO. About 62h later, on 17 July 2005 at
01:23UT, the leading edge of the disturbance caused by the
CME had reached SoHO, where it was observed as a dis-
continuity mainly in the solar wind speed and temperature
(http://umtof.umd.edu/pm/FIGS.HTML).
The disturbance had already reached the ACE and Wind
spacecraft about half an hour earlier. At 00:51:25UT ﬁrst
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ACE, and 1min 20s later, at 00:52:45UT, also Wind ob-
served a discontinuity in the parameters. Figure 1 displays
projections of the locations of ACE (GSE (230,−36,23)RE),
SoHO ((210,95,6)RE) and Wind ((264,−5,21)RE) to the xy-
plane on 17 July 2005 at 01:53UT.
As ACE observed the discontinuity before Wind, but was
located closer to Earth, it is clear that the discontinuity could
not have been aligned in the y-direction, but must have been
tilted, as illustrated by the red line in Fig. 1. This is in agree-
ment with the ﬂare observation: as the CME did not originate
from the centre of the solar disk but from the right hand side
edge as viewed from the Earth, the spacecraft would be ex-
pected to encounter the left hand side ﬂank of the resulting
ejecta.
Assuming that the discontinuity was planar, its align-
ment and speed could be determined from timing analysis
(Paschmann and Daly, 2000) using the observation times and
locations of ACE, Wind and SoHO. The resulting normal for
the discontinuity was (−0.58,0.82,0) and its speed in the di-
rection of the normal 400km/s. The zero z-component of
the normal implies that the ﬁrst contact of the front with the
magnetopause took place at the equatorial plane.
Panels (a–f) in Fig. 2 display the IMF (Bx,By,Bz), x-
component of the solar wind velocity (Vx), density (N), and
temperature (T) measured by ACE and Wind from 16 July
2005 18:00:00UT to 18 July 2005 12:00:00UT. The ﬁrst
vertical magenta line in the ﬁgure denotes the discontinuity
(17 July 2005 00:53UT). At this time, Bx decreased from
about −5 to −7nT, By was small and decreased from zero to
about −2nT, and Bz remained positive, but increased from
about 2 to 7nT, resulting in an increase of the total mag-
netic ﬁeld B from about 5 to 10nT. The solar wind density
N increased from about 8 to 13cm−3, and also the tempera-
ture increased. Vx decreased from −430 to −460km/s. The
changes in N and V resulted in the doubling of the solar
wind dynamic pressure from an initial value of about 3 to
6nPa. The increase in V, N, T and B indicate a fast forward
shock (Burlaga, 1971).
AccordingtotheMagneticCloudListathttp://lepmﬁ.gsfc.
nasa.gov/mﬁ/mag_cloud_pub1.html, a magnetic cloud was
observed by Wind between 17 July 2005 15:18UT (the sec-
ond vertical magenta line) and 18 July 2005 03:48UT (the
third vertical magenta line). Panel (c) of Fig. 2 shows a ﬁrst-
positive-then-negative bipolar Bz signature, indicating that
the orientation of the cloud was north-to-south. The shock
observed by ACE, Wind and SoHO would therefore corre-
spond to the leading edge of the sheath in front of the cloud.
The Dst index is displayed in panel (h) of Fig. 2. The hor-
izontal lines in the plot lie at 0, −30, and −50nT. According
to Gonzalez et al. (1994), −50nT<Dst<−30nT indicates
a weak magnetic storm, −100nT<Dst<−50nT a moder-
ate storm, and Dst< −100nT a strong storm. During sev-
eral hours preceding the arrival of the sheath, the conditions
were fairly quiet with Dst almost zero. The increase in the
dynamic pressure related to the leading edge of the sheath
caused a weak positive disturbance, and later during the pas-
sage of the sheath, an interval of strong negative Bz caused
a weak magnetic storm. A moderate storm was associated
with the negative Bz during the trailing part of the magnetic
cloud.
The AE indices are shown in panel (g) of Fig. 2. Again,
theeffect ofIMFBz wasmost obvious, asperiods ofnegative
Bz produced activity, while during positive Bz it was more
quiet. At this resolution, it seems that there were not any
obvious signatures related to the arrival of the leading edge
of the sheath, and apart from periods of negative IMF Bz, the
sheath did not produce much activity. However, particularly
during the trailing half of the magnetic cloud, when IMF Bz
was negative, there was more activity. In fact, the peak value
of AE exceeded 1000nT, indicating strong activity.
In the following sections, we will concentrate on the
effects of the sudden dynamic pressure increase related
to the arrival of the leading edge of the sheath on the
magnetosphere-ionosphere system.
4 Magnetospheric observations
Figure 3 illustrates the locations of Cluster 1–4
(black (−9,−14,1)RE, red (−10,−14,2)RE, green
(−9,−13,1)RE, blue (−9,−13,1)RE), Double Star 1 (pale
red, (−5,−11,4)RE), and Geotail (pale blue, (7,−7,1)RE)
spacecraft in the xy-plane on 17 July 2005 at 01:31UT. The
location of the leading edge of the sheath (red line) is based
on the timing analysis (Sect. 3). The red arrow with tick
marks illustrates its propagation, assuming that the velocity
remained constant. The positions of the magnetopause
(thick line) and bow shock (thin line) before (01:30UT,
black) and after (02:00UT, grey) the pressure increase were
given by the Grand Uniﬁed Ionosphere-Magnetosphere
Coupling Simulation (GUMICS-4, Janhunen, 1996). As
seen from the ﬁgure, the ﬁrst contact of the oblique front
with the magnetopause took place on the dawnside at about
(4,−14,0)RE. The spacecraft were distributed along the
outer edge of the dawnside magnetosphere, which made the
conﬁguration well suited for studying the effects of the front
on the magnetopause location.
4.1 Overview
Figure 4 shows the satellite observations on 17 July 2005
between 01:20:00 and 02:00:00UT. Panels (a–g) display the
magnetic ﬁeld (Bx,By,Bz), x-component of the plasma ve-
locity (Vx), density (N), and solar wind dynamic pressure as
measured by ACE, Wind, Cluster, Double Star 1, and Geo-
tail. The travel time of the planar front from the ACE and
Wind locations to the magnetopause was given by
1tn
ACE
Wind
o =

rmp−rn
ACE
Wind
o

· ˆ n
V
, (4)
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Fig. 2. Panels (a–f) interplanetary magnetic ﬁeld (Bx,By,Bz), x-component of the solar wind velocity (Vx), density (N), and temperature (T)
measured by ACE and Wind from 16 July 2005 18:00:00UT to 18 July 2005 12:00:00UT. Panel (g) AE, AL, and AU indices. Panel (h) Dst
index. The three vertical magenta lines denote the beginning of the sheath, the beginning of the magnetic cloud, and the end of the magnetic
cloud.
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Fig. 3. Locations of Cluster 1–4 (black (−9,−14,1)RE, red
(−10,−14,2)RE, green (−9,−13,1)RE, blue (−9,−13,1)RE),
Double Star 1 (pale red, (−5,−11,4)RE), and Geotail (pale
blue, (7,−7,1)RE) spacecraft in the xy-plane on 17 July 2005
at 01:31UT. The location of the leading edge of the sheath (red
line) is based on the timing analysis (Sect. 3). The red arrow
with tick marks illustrates its propagation, assuming that the ve-
locity remained constant. The positions of the magnetopause (thick
line) and bow shock (thin line) before (01:30UT, black) and after
(02:00UT,grey)thepressureincreaseweregivenbytheGrandUni-
ﬁed Ionosphere-Magnetosphere Coupling Simulation (GUMICS-4,
Janhunen, 1996). The thick lines plotted with spacecraft colours
display the alignment of the magnetopause according to minimum
variance analysis (MVA) where it ﬁrst passed each spacecraft, and
the magenta line and arrow illustrate the orientation and direction
of motion of the magnetopause according to timing analysis based
on Cluster data.
where rmp =(4,−14,0)RE, rACE =(229.9,−35.8,22.7)RE
and rWind =(264.4,−5.3,20.5)RE, and ˆ n and V are the nor-
mal vector and speed of the front obtained from the timing
analysis (Sect. 3). The resulting time delays from ACE and
Wind were about 40 and 38min, respectively. The ACE and
Wind data in Fig. 4 have been shifted accordingly.
At about 01:31UT, the discontinuity was estimated to ar-
rive at the magnetopause, and the solar wind dynamic pres-
sure abruptly increased from about 3 to 6nP. A few min-
utes later, the ﬁrst effects were observed by the magneto-
spheric spacecraft. As a consequence of the compression of
the magnetosphere, Geotail almost immediately moved from
the magnetosphere to the magnetosheath: the magnetic ﬁeld
changed from fairly stable to strongly variable and plasma
speed increased from below 100km/s to about 300km/s,
which was still lower than the solar wind speed. Plasma den-
sity increased from about 1 to 30cm−3, after which it settled
around 10cm−3.
Also Cluster moved from the magnetosphere to the mag-
netosheath with the dynamic pressure increase: all magnetic
ﬁeld components became more variable, Bx decreased from
about 20nT to slightly negative values, and V and N in-
creased almost to the level of solar wind values. However,
almost immediately Cluster 3 and Cluster 4 returned inside
the magnetosphere. This is evident from Bx becoming again
positive, and from the decreasing of V. For the next several
hours, Cluster 3 and 4 were mainly located inside the mag-
netosphere, and Cluster 1 and 2 outside.
Unlike Geotail and Cluster, Double Star 1 did not exit the
magnetosphere when the pressure front hit. The increase in
dynamic pressure was merely evident in the enhancement of
Bx and Bz.
Thus, the abrupt increase of dynamic pressure compressed
the magnetosphere such that Cluster and Geotail shifted from
the magnetosphere to the magnetosheath while Double Star 1
remained in the magnetosphere. Almost immediately this
overshoot was corrected, and the magnetosphere expanded
again so that the magnetopause ended up between the Clus-
ter spacecraft with Cluster 1 and 2 in the magnetosheath and
Cluster 3 and 4 in the magnetosphere. Next, we analyse the
orientation and motion of the magnetopause after the pres-
sure increase in more detail.
4.2 Arrival of the pressure front
The initial signs of the compression of the magnetosphere
caused by the dynamic pressure increase can be seen in Fig. 4
as the enhancement of the magnetic ﬁeld measured by the
magnetospheric spacecraft. Geotail, located close to the sub-
solar point, was the ﬁrst to observe the beginning of the com-
pression at 01:34:10UT. Cluster 1–4 and Double Star 1, lo-
cated close to the magnetopause on the dawnside, were the
next at 01:35:59 (Cluster 1), 01:36:10 (Cluster 2), 01:36:01
(Cluster 3), 01:36:01 (Cluster 4), and 01:36:00UT (Double
Star 1).
The inward moving magnetopause passed Geotail at
01:36:55UT. According to the minimum variance analysis
(MVA, Paschmann and Daly, 2000), the magnetopause nor-
mal was (−0.84,0.50,−0.19). In Fig. 3, the orientation of
the magnetopause at Geotail is represented by the pale blue
line. Similarly, the inward moving magnetopause passed
Cluster 1–4, for the ﬁrst time at 01:36:56UT, 01:37:31UT,
01:39:00UT, and 01:38:59UT. The magnetopause normals
given by MVA were (0.46,−0.88,0.08), (0.33,−0.94,0.08),
(0.43,−0.90,−0.05), and (0.36,−0.93,−0.04), and the result-
ing magnetopause tangents have been marked at each Cluster
location in Fig. 3. All magnetopause tangents in the ﬁgure
agree with the GUMICS magnetopause direction.
The close proximity of the Cluster spacecraft also pro-
vided another means of approximating the orientation as well
as the velocity of the magnetopause: timing analysis. The
resulting magnetopause normal (−0.06,0.94,−0.34) was in
agreement with the MVA results, and the speed of the
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Fig. 4. Panels (a–c) magnetic ﬁeld (Bx,By,Bz) as measured by Cluster, Double Star 1, and Geotail on 17 July 2005 between 01:20:00
and 02:00:00UT. Panel (d) Three GSM components of the IMF as measured by Wind. Panels (e–f) x-component of plasma velocity (Vx)
and density (N) as measured by ACE, Wind, Cluster 1 and Cluster 3, Double Star 1, and Geotail. Panel (g) solar wind dynamic pressure
as measured by ACE and Wind. ACE and Wind data have been time-delayed by about 40 and 38min, respectively, so that they would
approximately correspond to observations at the magnetopause at the given time. Panel (h) AE, AL, and AU indices. Panel (i) PCN index.
Panel (j) one-dimensional ionospheric equivalent current density in the geographic (GEO) east-west direction (JGEO,φ) as a function of
geographic latitude, determined from the magnetic ﬁeld data of the IMAGE TAR-NAL chain (blue squares in Fig. 6a). Eastward currents are
shown with a positive and westward currents with a negative sign.
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Fig. 5. Variation of the SM θ component of the magnetic ﬁeld mea-
sured by 65 low latitude (SM|lat|<45◦) SuperMAG magnetome-
ters on 17 July 2005 between 01:20 and 02:00UT. The magnetome-
ter locations spanned all local time sectors.
magnetopause was 60km/s. The magenta line and arrow
in the middle of the Cluster constellation in Fig. 3 represent
the orientation and direction of motion of the magnetopause
according to the timing analysis. Assuming that the mag-
netopause started moving slightly after 01:31UT, it took it
about 5min to reach the location of Cluster 1. Based on
Fig. 3, the distance can roughly be estimated to be about
5RE. This would correspond to an average velocity of about
100km/s.
The inward moving dawnside magnetopause passed Geo-
tail and Cluster between 01:37 and 01:39UT. Assuming that
thelocation oftheleading edgeofthe sheathmarkedin Fig.3
is approximately correct, by this time the front was already
wellpastEarthandthenewequilibriumpositionofthedawn-
side magnetopause. The dawnside magnetopause position
stabilised and settled between the Cluster spacecraft at about
01:45UT. Thus, the magnetopause was moving for about
15min after ﬁrst contact with the front of dynamic pressure
increase.
5 Ionospheric observations
5.1 Low latitude signatures
Figure 5 displays the variation of the SM θ component of the
magnetic ﬁeld measured by 65 low latitude (SM|lat|<45◦)
SuperMAG magnetometers between 01:20 and 02:00UT.
The magnetometer locations spanned all local time sectors.
Bθ began to decrease at about 01:34UT, and the mini-
mum was reached at 01:43UT. Between 01:43 and 01:50UT,
Bθ again increased slightly. This behaviour is in agreement
with the observed magnetopause motion: the magnetopause
was estimated to have started moving earthward soon af-
ter 01:31UT, at 01:34UT ﬁrst signatures were observed by
Geotail, and between 01:37 and 01:39UT the magnetopause
passed Geotail and Cluster. At 01:43UT the magnetic ﬁeld
measured by Double Star 1 peaked, indicating that the mag-
netopause had reached its earthwardmost point and started
expanding again. Approximately at 01:45UT, the magne-
topause returned in the middle of the Cluster constellation
and settled there. The small decrease between about 01:50
and 02:00UT corresponds to the small increase in dynamic
pressure (panel g of Fig. 4). During this time, the magne-
topause also moved a little earthward and then back again,
such that Cluster 3 and 4 moved from the magnetosphere to
the magnetosheath and back. However, the variations of Bx
during this time (panel a of Fig. 4) indicate that the spacecraft
remained close to the magnetopause.
5.2 High latitude signatures
5.2.1 1-D view
Panel (h) of Fig. 4 shows the AE, AL, and AU indices. The
decrease of AL observed between about 01:34 and 01:38UT
was quite small, but AU displayed a clear increase between
about 01:36 and 01:49UT. After the increase of dynamic
pressure, AE was slightly higher than during lower pressure,
indicating that the ionospheric equivalent currents were more
intense.
Panel (i) of Fig. 4 shows the PC index. The index dis-
played the typical bipolar signature associated with a pres-
sure pulse (Stauning and Troshichev, 2008), consisting of a
negative perturbation between about 01:34 and 01:39UT fol-
lowed by a longer and stronger positive perturbation between
about 01:39 and 01:52UT. Altogether the signature lasted
18min.
Panel (j) of Fig. 4 displays the one-dimensional iono-
sphericequivalentcurrentdensityinGEOeast-westdirection
(JGEO,φ, Vanhamäki et al., 2003) as a function of GEO lati-
tude, determined from the magnetic ﬁeld data of the IMAGE
TAR-NAL chain (blue squares in Fig. 6a). Eastward equiv-
alent current density is shown with a positive and westward
with a negative sign. As the displayed time interval from
01:20to02:00UTcorrespondstoapproximately04MLT,the
dominant feature expected in the plots would be the west-
ward electrojet. It would be stronger and located more equa-
torward during negative IMF Bz conditions, and weaker and
located more poleward during positive IMF Bz conditions
(e.g., Anderson et al., 2008).
The half an hour interval preceding the arrival of the lead-
ing edge of the sheath at about 01:31UT was very quiet due
to the prevailing weak northward IMF conditions (panel h in
Fig. 4). The westward (blue) electrojet, although very weak,
was located around 75◦ latitude. Equatorward of the elec-
trojet, around 70◦ latitude, there was weak eastward (red)
equivalent current. One minute after the predicted arrival
of the pressure pulse, at 01:32UT, the westward electrojet
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Fig. 6a. Magnetic ﬁeld observations from the 210 MM CPMN, CANMOS, CARISMA, GIMA, IMAGE, MACCS, SuperMAG, TGO,
and THEMIS magnetometer arrays on 17 July 2005 at 01:30, 01:36, 01:37, 01:38, 01:39, 01:40, 01:42, 01:44, 01:46, 01:48, 01:50, and
02:00UT. The horizontal magnetic ﬁeld vectors, displayed by the black arrows, have been rotated 90◦ anticlockwise to obtain a proxy for
the ionospheric E×B drift. The magnetometer locations are indicated by the squares, with the stations of the IMAGE TAR-NAL chain
highlighted in blue, the AE stations in red, and the Northern Hemisphere PC station in green. The black curve represents the terminator. The
approximate Cluster, Double Star 1, and Geotail footprints, and the open-closed ﬁeld line boundary (purple dots) before (01:30UT panel)
and after (02:00UT panel) the pressure increase were given by the GUMICS simulation.
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Fig. 6b. Continued.
and the poleward boundary of the eastward equivalent cur-
rent started to shift poleward. Between about 01:34 and
01:37UT, the eastward current around 70◦ latitude was in-
tensiﬁed. Around 01:37UT, a second, stronger intensiﬁca-
tion appeared, extending from about 68◦ to 78◦ latitude. The
maximumcurrentintensitywasreachedaround01:41UT,af-
ter which the eastward equivalent current began to weaken.
At about 01:45UT, a region of westward equivalent current
appeared around 74◦ latitude, and the eastward equivalent
current was deﬂected poleward and equatorward of this re-
gion.
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Consistent with previous observations, the signatures in
AE, PC and JGEO,φ all appeared to consist of two parts: the
shorterandlessintensepreliminarypartbetweenabout01:34
and 01:37UT comprised the decrease of AL, the decrease of
PC, and the ﬁrst, fainter, increase of eastward equivalent cur-
rent. The longer and more intense main part of the signature
between about 01:37 and 01:45UT, on the other hand, com-
prised the increase of AU, the increase of PC, and the second,
latitudinally more extensive, increase of the eastward equiv-
alent current.
Compared to magnetospheric satellite data, the increase
in AU, PC, and JGEO,φ between 01:37 and 01:43UT coin-
cided with the inward motion of the dawnside magnetopause
observed by the spacecraft. However, as discussed in the
previous section, the motion of the dawnside magnetopause
was likely to have began already before this, soon after the
pressure front impact at 01:31UT. At about 01:43UT, the en-
hancement of the magnetic ﬁeld observed by Double Star 1
startedtodecrease, andafewminuteslater, around01:45UT,
Cluster 3 and Cluster 4 returned from the magnetosheath to
the magnetosphere. Therefore, the weakening of AU, PC and
JGEO,φ appears to have coincided with the beginning of the
outward motion of the magnetopause.
Thus, the most obvious high-latitude ionospheric signa-
tures associated with the dynamic pressure increase dur-
ing northward IMF conditions seemed to be related to the
changes in the magnetopause position. As the position sta-
bilised, these signatures also disappeared.
5.2.2 2-D view
Figures 6a and 6b show snap shots of the magnetic
ﬁeld observations from the 210 MM CPMN, CAN-
MOS, CARISMA, GIMA, IMAGE, MACCS, SuperMAG,
THEMIS and TGO magnetometer arrays between 01:30 and
02:00UT. The horizontal magnetic ﬁeld vectors, displayed
by the black arrows, have been rotated 90◦ anticlockwise to
obtain a proxy for the ionospheric E×B drift. The magne-
tometer locations have been indicated by the squares, with
the stations of the IMAGE TAR-NAL chain highlighted in
blue, the AE stations in red, and the Northern Hemisphere
PC station in green. The black curve represents the termi-
nator. The approximate Cluster, Double Star 1, and Geo-
tail footprints, and the open-closed ﬁeld line boundary (pur-
ple dots) before (01:30UT panel) and after (02:00UT panel)
the pressure increase were given by the GUMICS simulation.
The open-closed ﬁeld line boundaries correspond to the two
magnetopause locations in Fig. 3. The boundary was more
compressed on the dawnside after the pressure increase than
before it, while the duskside was more round. This change
could have been produced by lobe reconnection that resulted
from the IMF By sign ﬂip, as shown by panel (d) in Fig. 4.
Also the irregular shape of the open ﬁeld line regions could
have been caused by the magnetotail twisting due to the pre-
vailing IMF conditions (Kullen and Janhunen, 2004). Geo-
tail, Cluster 1 and Cluster 2 moved from the magnetosphere
to the magnetosheath after the pressure pulse, and hence they
do not have any ionospheric footprints in the 02:00UT panel.
Due to the reconﬁguration of the magnetosphere, the foot-
prints of Cluster 3, Cluster 4, and Double Star 1 were shifted
from their original positions poleward and towards the day-
side. As yet, GUMICS-4 does not support oblique disconti-
nuities, which is why we have only included the open ﬁeld
linepolarcapboundarylocationswellbeforeandafterthear-
rival of the front. Although the corresponding magnetopause
positions coincided very well with observations, what hap-
pened between did not, because the geometry of the arriving
front was not correct.
The top left panel of Fig. 6a displays the equivalent con-
vection pattern at 01:30UT, before the pressure increase.
The convection was very weak and the polar cap small. Just
outside the polar cap the convection pattern indicated the typ-
ical auroral oval conﬁguration, with eastward convection on
the danwside and westward convection on the duskside. At
lower latitudes the convection was mainly westward both at
the dawn and dusk sectors.
The ﬁrst clear signatures related to the dynamic pressure
increase appeared at 01:36UT (top right). The pre-existing
westward convection intensiﬁed, and a region of eastward
(antisunward) convection appeared around 14MLT. The pat-
tern is consistent with that of a pair of reverse convection
vortices (e.g., Stauning and Troshichev, 2008). The symme-
try axis of the pattern appears to have been tilted from noon
to about 09MLT, consistent with the oblique pressure front.
One minute later, at 01:37UT (middle left), westward (an-
tisunward)convectionhadappearedaround09MLT,andalso
convection at the IMAGE (03–06MLT) high latitude stations
had turned from eastward (sunward) to westward (antisun-
ward). Around 14MLT, the eastward (antisunward) con-
vection started to turn westward (sunward). By 01:40UT
(middle right), convection had turned mainly westward ev-
erywhere, forming a vortex encircling possibly the magnetic
pole or cusp region.
The panels of Fig. 6b illustrate how the convection weak-
ened and returned back to normal conﬁguration. Around
19MLT, convection turned from westward to southward (an-
tisunward). Starting at midnight (the station at the south-
ern tip of Greenland) and proceeding towards noon on the
dawnside, convection at high latitudes turned from westward
(antisunward) to eastward (sunward). By 02:00UT (bottom
right), the conﬁguration that existed before the pressure in-
crease had re-emerged, but with slightly enhanced convec-
tion.
The eastward turning of the convection around 14MLT
between 01:36 and 01:38UT corresponded to the decrease
of AL, that is, the preliminary signature. Between 01:39
and 01:43UT all convection was more or less westward, ex-
plaining why AL was zero but AU enhanced. These obser-
vations are in agreement with those of Iyemori and Araki
(1982). The recovery of the eastward convection on the
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Fig. 7. Line-of-sight velocity from Beam 9 of the Hankasalmi SuperDARN radar on 17 July 2005 between 01:00 and 02:00UT. Line-of-sight
component of ﬂow towards the radar along the beam is plotted with a positive sign (blue and green colours) and away from the radar with a
negative sign (yellow and red colours).
dawnside was visible as a small negative signature in AL
from 01:44UT onwards.
5.2.3 CUTLASS data
The Co-operative UK Twin Auroral Sounding System (CUT-
LASS, http://ion.le.ac.uk/cutlass/cutlass.html) forms part of
the SuperDARN network of radars. It consists of two HF
coherent radars, one at Hankasalmi, Finland, and one at
Þykkvibær, Iceland. Each radar measures the line-of-sight
velocity component of the ionospheric E×B drift, but the
overlapping ﬁeld-of-views of the two radars allows the mea-
surements to be combined as full 2-D velocity vectors. The
Þykkvibær radar monitors the approximately east-west com-
ponent of the E×B drift in the IMAGE region, while the
Hankasalmi radar monitors the north-south component.
Unfortunately during our event, there was very little
backscatter from the Þykkvibær radar. As the magnetic ﬁeld
datasuggestedmainlychangesintheeast-westvelocitycom-
ponent, this made comparing the two measurements more
complicated. Moreover, the Hankasalmi backscatter orig-
inated mainly slightly north of the IMAGE ﬁeld-of-view.
Nonetheless, the Hankasalmi radar did show some effect.
Figure 7 displays the line-of-sight velocity from Beam 9 of
the Hankasalmi radar between 01:00 and 02:00UT. During
the displayed time interval, the region contributing backscat-
ter moved poleward, indicating that the polar cap was con-
tractinginagreementwiththeprevailingnorthwardIMFcon-
ditions. Between about 01:34 and 01:44UT, the data showed
positive line-of-sight Doppler shifts, which indicate a signif-
icant southward component to the ﬂow. The existence of this
signature coincided well with the eastward equivalent signa-
ture in panel (j) of Fig. 4 and the convection pattern in Fig. 6a
and 6b.
6 Discussion and conclusions
In this study we have traced the effects produced by a CME
from the solar wind to Earth’s magnetosphere and iono-
sphere. In the solar wind, an earthward bound north-south
oriented magnetic cloud and its sheath were observed by the
ACE, SoHO, and Wind spacecraft. A steplike increase of the
solar wind dynamic pressure during northward IMF condi-
tions was related to the leading edge of the sheath. A tim-
ing analysis between the three spacecraft revealed that the
front was not aligned with the GSE y-axis, but had a normal
(−0.58,0.82,0). A tilt this big signiﬁcantly affects the delay
time between the spacecraft and the magnetosphere. Know-
ing the exact arrival time of different solar wind structures is
essential when studying their effect on the magnetosphere-
ionosphere system.
Due to the orientation of the leading edge of the sheath,
its ﬁrst contact with the magnetosphere occurred on the
dawnside at about (4,−14,0)RE. Fortunately, Cluster, Dou-
ble Star 1, and Geotail happened to be distributed close to
the magnetopause in this region, which made it possible to
closely monitor the motion of the magnetopause. The in-
ward motion of the magnetopause due to the enhancement
of the dynamic pressure moved Cluster and Geotail almost
immediately from the magnetosphere to the magnetosheath.
Double Star 1 remained inside the magnetosphere. When
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the pressure pulse impacted the magnetosphere, the magne-
topause was ﬁrst perceived to move inward and then immedi-
ately correct the overshoot by slightly expanding again such
that it ended up between the Cluster constellation with Dou-
ble Star 1 inside the magnetosphere and Geotail in the mag-
netosheath.
Coinciding with the inward and subsequent outward mo-
tion of the magnetopause, the ground-based magnetic ﬁeld
at low latitudes was observed to ﬁrst strengthen and then
weaken. As the magnetopause position stabilised, so did
the ground-based magnetic ﬁeld intensity, settling at a level
slightly higher than before the pressure increase. Altogether
the magnetopause was moving for about 15min after ﬁrst
contact with the front.
The high latitude ionospheric signature consisted of two
parts: a shorter (few minutes) and less intense preliminary
part comprised a decrease of AL and a negative variation of
PC. A longer (about ten minutes) and more intense main part
of the signature comprised an increase of AU and a positive
variation of PC.
A proxy for the ionospheric E×B drift was obtained by
rotating horizontal ground-based magnetic ﬁeld vectors 90◦
anticlockwise. Before the pressure increase, a conﬁguration
typical for the prevailing northward IMF conditions was ob-
served at high latitudes. The preliminary signature coincided
with a pair of reverse convection vortices, whereas during the
main signature, mainly westward convection was observed
at all local time sectors. Afterwards, the conﬁguration pre-
ceding the pressure increase was recovered, but with slightly
enhanced convection.
The magnetospheric and ionospheric effects followed the
calculated arrival of the pressure increase within a few min-
utes, conﬁrming that the delay time due to the oblique front
was accurate within a few minutes resolution. The timing
analysis that was used to determine the arrival time of the
front requires at least three spacecraft in the solar wind ob-
serving the same signature. We used ACE, SoHO, and Wind,
but if either Cluster 1–4, THEMIS 1–5 or Geotail happens
to be in the solar wind, it could be used instead of SoHO
that is not equipped with a magnetometer. Based on the tim-
ing analysis (Fig. 3), the existence of the preliminary signa-
ture (01:34–01:37UT) coincided with passage of the oblique
pressure front, whereas during the main signature (01:37–
01:45UT), the front was already well past the Earth. The
main signature existed during the time the magnetopause was
observed to move. As the position stabilised, also the signa-
ture disappeared.
The observation of the pair of reverse convection vortices
during the preliminary signature is in agreement with earlier
ﬁndings (e.g., Stauning and Troshichev, 2008). However,
Stauning and Troshichev (2008) associated the main signa-
ture with the formation of a pair of forward convection vor-
tices, while we observed mainly westward convection at all
local time sectors. In our case, the normal convection con-
ﬁguration was resumed later, after the main signature had
disappeared. However, Stauning and Troshichev (2008) did
not separate their data according to northward or southward
IMF conditions, which could explain the difference. Iyemori
and Araki (1982), on the other hand, studied dynamic pres-
sure variations speciﬁcally under northward IMF conditions,
and observed the single convection vortex during the main
signature.
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